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ABSTRACT
Candidate galaxies at redshifts of z ∼ 10 are now being found in extremely deep surveys,
probing very small areas. As a consequence, candidates are very faint, making spectroscopic
confirmation practically impossible. In order to overcome such limitations, we have under-
taken the CF-HiZELS survey, which is a large area, medium depth near infrared narrow-band
survey targeted at z = 8.8 Lyman-α (Lyα) emitters (LAEs) and covering 10 deg2 in part of
the SSA22 field with the Canada-France-Hawaii Telescope. We surveyed a comoving volume
of 4.7 × 106 Mpc3 to a Lyα luminosity limit of 6.3 × 1043 erg s−1. We look for Lyα candi-
dates by applying the following criteria: i) clear emission line source, ii) no optical detections
(ugriz from CFHTLS), iii) no visible detection in the optical stack (ugriz > 27), iv) visually
checked reliable NBJ and J detections and v) J −K 6 0. We compute photometric redshifts
and remove a significant amount of dusty lower redshift line-emitters at z ∼ 1.4 or 2.2. A
total of 13 Lyα candidates were found, of which two are marked as strong candidates, but the
majority have very weak constraints on their SEDs. Using follow-up observations with SIN-
FONI/VLT we are able to exclude the most robust candidates as Lyα emitters. We put a strong
constraint on the Lyα luminosity function at z ∼ 9 and make realistic predictions for ongoing
and future surveys. Our results show that surveys for the highest redshift LAEs are susceptible
of multiple contaminations and that spectroscopic follow-up is absolutely necessary.
Key words: galaxies: high-redshift, galaxies: luminosity function, cosmology: observations,
galaxies: evolution, cosmology: dark ages, reionization, first stars.
1 INTRODUCTION
Finding the first stars and galaxies is one of the most important
tasks to test our understanding of galaxy formation in the early Uni-
verse. The current theoretical models of when and how these first
galaxies were formed can only be tested and improved by reliable
detections of galaxies at the highest redshifts. The confirmation of
galaxies at a redshift of z ∼ 9 − 10 would also allow the study
of the epoch of reionization of the Universe. Measurements of the
cosmic microwave background place this epoch at z ∼ 10.6 (Ko-
matsu et al. 2011), while Fan et al. (2006) located the end of the
reionization epoch at a redshift of at least z ∼ 6 by studying spec-
tra of quasars at high redshift, where they found a lower limit to the
neutral fraction of ∼ 10−3 − 10−2.
? Based on observations obtained with WIRCam on the CFHT, OPTICON
programme 2011BA016, 2012A019 and 2012BA022.
† E-mail: matthee@strw.leidenuniv.nl
A widely used technique to detect very distant galaxies is the
Lyman break technique (LBG), pioneered by Steidel et al. (1996)
(see also Guhathakurta, Tyson & Majewski 1990), which looks at
a distinctive break in the UV spectrum of star-forming galaxies.
More generally, one can use deep data in several broadbands to
derive a redshift-probability distribution by fitting spectral energy
distributions (SED) based on galaxy templates (e.g. McLure et al.
2011).
Using the Lyman Break method, candidate galaxies have been
found at very high redshifts (z ∼ 7, e.g. Bouwens et al. 2011;
Finkelstein et al. 2012; Oesch et al. 2012; McLure et al. 2012)
and even z ∼ 10 (Ellis et al. 2013; Oesch et al. 2013; Bouwens
et al. 2013), but the great majority of these are too faint to confirm
spectroscopically. Lehnert et al. (2010) claimed the spectroscopic
detection of a z = 8.6 Lyman-α (Lyα) line of a LBG in the Hub-
ble Ultra Deep Field. However, Bunker et al. (2013) were unable
to reproduce the detection with two independent sets of observa-
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tions, leading to the suggestion that it could be an artefact. Bram-
mer et al. (2013) found a tentative emission line that could be Lyα
at z = 12.12 using the HST WFC3 grism, but this is only a < 3σ
detection and could be a lower redshift interloper. Recently, Finkel-
stein et al. (2013) report the detection of a Lyα emission line in a
z = 7.51 LBG, although the line is very close to a sky-line making
identification significantly more difficult. Other attempts have been
made, but so far no z > 7.5 galaxy has been spectroscopically con-
firmed. There is a spectroscopic redshift determination of a z = 8.2
Gamma Ray Burst (Tanvir et al. 2009), but not for its host.
Another successful technique to detect very high redshift (z ∼
4−7) galaxies is the narrow-band technique, which targets Lyman-
α emitters (LAEs; e.g. Pritchet 1994; Thompson, Djorgovski &
Beckwith 1994; Thompson, Djorgovski & Trauger 1995; Hu &
McMahon 1996; Cowie & Hu 1998; Hu, Cowie & McMahon 1998;
Thommes et al. 1998; Rhoads et al. 2000, 2003, 2004; Fynbo,
Møller & Thomsen 2001; Hu et al. 2002; Malhotra & Rhoads
2002, 2004; Fynbo et al. 2003; Ouchi et al. 2003; Hu et al. 2004;
Taniguchi et al. 2005; Iye et al. 2006; Kashikawa et al. 2006; Shi-
masaku et al. 2006; Ouchi et al. 2008; Finkelstein et al. 2009; Ota
et al. 2010; Hibon et al. 2011). Using the narrow-band technique
one can search for sources with emission lines at specific redshifts,
by looking at the excess the narrow-band has over the broadband.
This way sources for which the continuum is too faint to be de-
tected, can still be identified due to the bright emission lines. How-
ever, most emission line galaxies detected in narrow-band surveys
are lower redshift interlopers such as Hα and [OII] (e.g. Sobral
et al. 2012), which have to be identified using multiwavelength ob-
servations. Because the narrow-band is only sensitive to sources
emitting in a small range of wavelengths, they can be used to look
at a slice of redshifts and therefore a well-known comoving volume.
Moreover, spectroscopic follow-up of high-redshift candidates is a
priori easier for candidates detected by the narrow-band technique,
as these candidates will have strong emission lines. Currently, the
most distant spectroscopically confirmed NB-selected LAE is at a
redshift of 6.96 (Iye et al. 2006), which is detected with narrow-
band imaging from the Subaru telescope.
To observe even higher redshift galaxies, observations in the
near-infrared are required. Unfortunately, at these wavelengths
there is significant foreground emission due to OH molecules in
the Earth’s atmosphere. Some OH windows exist at wavelengths
where the atmosphere is transparant to radiation. It is possible to
observe using narrow-band filters in these windows very effectively
and several filters have been developed for this purpose (see Figure
1). Recent studies led to the identification of candidate Lyα emitters
at a redshift of z = 7.7, but none of these has been spectroscopi-
cally confirmed yet (Hibon et al. 2010; Tilvi et al. 2010; Cle´ment
et al. 2012; Krug et al. 2012; Jiang et al. 2013).
Some attempts at somewhat higher redshifts (z ∼ 9) were
made to detect Lyα (Willis & Courbin 2005; Cuby et al. 2007;
Willis et al. 2008; Sobral et al. 2009). The properties of such galax-
ies would provide strong tests of current models of galaxy forma-
tion and evolution and even the confirmation of just one luminous
Lyα emitter at this redshift will be suitable for the study of these
sources way before the next generation of telescopes, such as JWST
or the E-ELT.
Lyα radiation is much more attenuated by a neutral intergalac-
tic medium (IGM) than an ionized IGM, so large samples of Lyα
emitters at these redshifts could be used to derive properties of the
IGM at these early times.
Current simulations (e.g Iliev et al. 2008) suggest that reion-
ization started at the most overdense regions in the Universe, where
Figure 1. The atmospheric transmission in the near-infrared J band, nor-
malised to the maximum transmission for each curve. Atmospheric data
is from Mauna Kea, Gemini Observatory (Lord 1992), the airmass is 1.0
and water vapour column is 1.0 mm. The background (grey) atmospheric
(OH) emission lines are also shown. The NBJ filter used in this paper is
transparent at wavelengths where there are no strong OH lines and also at
wavelengths where the atmosphere is at its maximum transparency, thus
allowing us to obtain deep observations in relatively little time.
ionizing sources nurtured expanding shells of ionized gas in the
IGM. As Lyα radiation is easily absorbed by a neutral medium
(Malhotra & Rhoads 2004), Lyα emitters can only be observed
once the ionized zone around them is large enough for the Lyα
radiation to escape. This is expected to lead to a negative evolu-
tion in the Lyα luminosity function and dropping escape fraction
of Lyα radiation at higher redshifts. Considerable effort has been
put in spectroscopically studying the evolution of the Lyα line in
Lyman break galaxies (LBGs) at high redshifts (e.g. Fontana et al.
2010; Pentericci et al. 2011; Vanzella et al. 2011; Ono et al. 2012;
Schenker et al. 2012; Caruana et al. 2013; Finkelstein et al. 2013).
Recent non-confirmations and low success-rates at z > 7 for their
spectroscopic confirmation are interpreted as a signature that reion-
ization is not yet completed at these redshifts. Treu et al. (2013), for
example, find that at z ∼ 8 Lyα emission of LBGs is suppressed
by at least a factor of three.
For LAEs, it is found that up to at least a redshift of z ∼ 6 the
Lyα luminosity function is remarkably constant (e.g. Shimasaku
et al. 2006; Hu et al. 2004; Ouchi et al. 2008). This indicates that
LAEs are relatively more common and more luminous at earlier
epochs, compared to LBGs (as the UV LF drops quickly in this
redshift range; Bouwens et al. 2007). At z ∼ 6−8 there is evidence
for evolution of the characteristic luminosity, but these samples,
including failed attempts at z = 7.7, can be significantly affected
by cosmic variance, probing <∼ 1 deg2 (e.g. Ouchi et al. 2010;
Cle´ment et al. 2012).
At the bright end, however, the evolution could plausibly be
very different. Luminous sources can ionize their own surroundings
to allow Lyα photons to escape, as they redshift out of restframe-
resonance wavelength in about 1 Mpc (e.g. Barton et al. 2004; Cen
& Haiman 2000; Curtis-Lake et al. 2012). Furthermore, the ob-
served clustering of Lyα emitters is expected to increase at higher
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redshift, as neighbouring sources will have larger overlapping ion-
ized spheres and therefore a higher fraction of escaped Lyα photons
(e.g. Ouchi et al. 2010).
In order to find the most luminous Lyα emitters in the epoch
of reionization which would be suitable for spectroscopic follow-
up, we have undertaken the widest area search with a near infrared
narrow-band filter to date. This paper is organised in the follow-
ing way. §2 presents the details of the observations, and describes
the data reduction, calibrations and source extraction. §3 presents
the criteria for sources being selected as Lyα candidates and the
results from the narrow-band search. §4 presents the spectroscopic
follow-up observations and results. §5 discusses the results such as
constraints on the Lyα z = 8.8 luminosity function, and our sur-
vey is compared to past and future surveys. Finally, §6 outlines the
conclusions. A H0 = 70 km s−1 Mpc−1, ΩM = 0.3 and ΩΛ = 0.7
cosmology is used and all magnitudes are in the AB system, except
if noted otherwise.
2 NARROW-BAND OBSERVATIONS AND DATA
REDUCTION
During September-December 2011 and October-November 2012,
we obtained medium depth narrow-band J photometry (NBJ =
22.2, 5σ, Flim = 7 × 10−17 erg s−1 cm−2) over a 10 deg2 area in
the SSA22 field using CFHT’s WIRCam (Puget et al. 2004) with
a typical seeing of 0.6′′. The SSA22 field is the widest contiguous
field for which a wealth of multi-wavelength data is available, most
importantly ugriz from CFHTLS-Wide and JK from UKIDSS-
DXS, see Fig. 2.
We use the LowOH2 filter (λc = 1.187µm, ∆λ = 0.01µm)
which can detect Lyα emission (λ0 = 121.6nm) at z = 8.76±0.04
in a comoving volume of 4.7 × 106 Mpc3. This is larger by at
least half an order of magnitude compared to the largest previous
survey. Detailed information on the observations, data reduction
and general selection of emitters can be found in Sobral et al. (in
prep.), but see also Sobral et al. (2013b). In this paper we explore
potential Lyα candidates in the sample of emitters.
2.1 Source Extraction and Survey Limits
We use SExtractor (Bertin & Arnouts 1996) and detect∼ 350, 000
sources across the 10 deg2 narrow-band coverage. The 5σ AB-
magnitude limit for the survey is NBJ = 22.2, corresponding to
an emission line flux limit of 7×10−17 erg s−1 cm−2. This limit is
computed by measuring the average background rms of the narrow-
band images in empty 2′′ diameter apertures, which is the aperture
we use throughout the paper for all measurements. We note that
because we use random aperture measurements, the rms that we
measure already accounts for correlations in the noise. The limiting
magnitude is converted to line-flux using the following formula:
Fline = ∆λNBJ
fNBJ − fJ
1− (∆λNBJ /∆λJ)
(1)
Here Fline is the line-flux (also called Lyα flux), ∆λNBJ and ∆λJ
(∆λJ = 0.158µm) are the widths of the narrow-band and broad-
band filter respectively, while fNBJ and fJ are the respective flux
densities.
Figure 2. The surveyed area in the SSA22 field and overlap with other sur-
veys. In grey we show all detected NBJ sources, where white stars indicate
the positions of the brightest stars (J < 10.5). NBJ represents the area
of the survey presented here. For Lyα emitters at z = 8.76, the surveyed
area roughly corresponds to ∼ 40 × 60 Mpc, with a depth of ∼ 180 Mpc
comoving. Our Lyα candidates are shown as green stars. The overlapping
regions with CFHTLS W4 (ugriz), UKIDSS DXS (JK) (Lawrence et al.
2007) and VVDS (spectro-z) (Le Fe`vre et al. 2005) are shown. For compar-
ison, we also plot the size of the Hubble Ultra Deep Field, which is∼ 3000
times smaller than the area of this survey.
3 NARROW-BAND SELECTION OF CANDIDATES
In order to identify Lyα candidates, we look for line-emitters which
show the characteristics of a z > 7 source. These should have a
Lyman-break, which should occur between the z and J band, and
a flat or blue J − K colour to exclude very dusty, lower redshift
galaxies with strong breaks (e.g. the 4000 A˚ break). In practice, we
use the following criteria:
(i) Be selected as a line-emitter in Sobral et al. (in prep.) (as
described in §3.1 below).
(ii) No detection in filters on the blue side of the J-band (see
§3.2.1).
(iii) No visible detection in the stack of all optical bands (see
§3.2.2).
(iv) Reliable excess between NBJ and J (see §3.2.3).
(v) J−K 6 0 and a photometric redshift consistent with z > 4
(see §3.2.4).
3.1 Emission line candidates
Emitters were selected using two criteria which quantify the ex-
cess the narrow-band has over the broadband. Firstly, the observed
EW should be larger than 30 A˚, corresponding to a rest-frame Lyα
EW of 3 A˚. Secondly, the Σ parameter (Eq. 2), which quantifies
the significance of the narrow-band excess compared to the noise
(Bunker et al. 1995), should be larger than 3 (similar to Sobral et al.
(2013a)).
Σ =
1− 10−0.4(J−NBJ )
10−0.4(ZP−NBJ )
√
pir2ap(σ2NBJ + σ
2
J)
(2)
Where ZP is the zeropoint of the photometry (25), rap is the radius
of the apertures in pixels and σ the RMS per pixel in each band. In
c© 2013 RAS, MNRAS 000, 1–13
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Figure 3. Colour-magnitude diagram for the NBJ sources. The J−NBJ
colour is corrected using the z-band to compensate for the fact that the
NBJ filter is not in the center of the broadband, see Sobral et al. (in prep.)
for more details. The dotted horizontal line is for an observed EW of 30
A˚, which corresponds to J−NBJ > 0.3. The Σ = 3 curve is shown for
the average depth of the survey. Emitters are shown in red, as they have
Equivalent Widths > 30 A˚ and have a Σ > 3. The final Lyα candidates
are shown with a green star and show a typical rest-frame EW (EW0) of
∼ 100 A˚. The full sample of emitters is presented in Sobral et al. (in prep.).
case of non-detections in J , the detection limit was assigned. More
detailed information of the procedure and the full sample of emit-
ters will be presented in Sobral et al. (in prep). Using these criteria,
out of the ∼ 350, 000 NBJ sources individually detected, 6315
emitters were selected (see Fig. 3). This is after removing 2285
spurious sources and artefacts from bright stars by visual checks.
3.2 Selecting Lyα candidates at z = 8.8
3.2.1 Excluding lower redshift interlopers: optical broadband
photometry
A z ∼ 9 source should be undetected in filters on the blue side
of the J-band, because the light at these wavelengths is absorbed
by the IGM. This means that candidates must be undetected in the
u, g, r, i and z bands. Data in these broadbands is available from
the CFHT Legacy Survey (CFHTLS)1. Deep data in the J and K
bands is available from UKIDSS-DXS-DR102 (JAB ∼ 23.4, limit
measured by the artificial star test). Two catalogues with sources
in the optical bands of the CFHTLS were used. The first catalogue
was the public CFHTLS-T0007 catalogue, in which sources were
detected in the gri-stack. The second catalogue (Kim et al. in prep)
contains 859,774 sources with photometric redshifts. It used J-
band images from UKIDSS-DXS-DR10 for the detection on im-
ages. This catalogue is called the SSA22 catalogue and has depths
of (u,g,r,i,z,J ,K) = (25.2, 25.5, 25.0, 24.8, 23.9, 23.4, 22.9). For
the optical these depths are taken from the public CFHTLS cata-
logue and correspond to 80% completeness, for JK these are 90%
completeness (Kim et al. in prep).
The line-emitters were matched to the CFHTLS and SSA22
catalogues with a maximum 1′′ separation on the sky using TOPCAT
(Taylor 2005). A list with candidates that followed the first criterion
was made by clearing sources with magnitudes brighter than the
1 http://www.cfht.hawaii.edu/Science/CFHTLS/
2 http://www.ukidss.org/
Step Number
Line-emitters 6315
No optical detection 302
No detection in optical stack 40
Believable excess, NBJ , J detections 25
Max number of Lyα candidates 13
With robust constraints 2
Fraction of Hβ/[OIII] 0.36
Fraction of [OII] 0.23
Fraction of z ∼ 3− 6 emission lines 0.13
Fraction of z < 0.8 emission lines 0.18
Fraction of Lyα candidates 0.10
Table 1. Number of candidate Lyα emitters at z = 8.8 after each step and
fractions of lower redshift interlopers out of the 302 sources without optical
detection.
limits in one or more of the optical bands. After this first criterion,
302 candidates remained.
3.2.2 Visual check: optical stack
For line-emitters that passed the first criterion, thumbnails were
made of the stack of the optical bands ugriz. This is necessary
to reject sources which have flux in the optical which is too faint to
be detected in a single band, but that will be revealed in the stack
as it has an estimated depth of ∼ 27 AB. Using the stack, sources
with a detection in the optical (on the blue side of J) were identi-
fied and ruled out as z = 8.8 LAE. After this step, 40 candidates
remained. Most of the candidates which were lost in this step are
lower redshift contaminants such as [OII] at z = 2.2, see Sobral et
al. (in prep.). This is confirmed by their very red J −K colours.
3.2.3 Visual check narrow-band, broadband and excess
Thumbnails are also made from the UKIRT J and K images and
of the narrow-band image itself (see Fig A.1 and A.2 in the ap-
pendix and e.g. Fig. 5). Sources are then visually checked again
in all bands. By comparing the broadband and narrow-band image,
we were able to confirm if the source demonstrates a true narrow-
band excess, instead of an excess caused by a boosted background.
We also check whether the narrow-band flux density is consistent
with that of the broadband J , because the broadband includes the
narrow-band wavelength coverage. After all these visual checks 25
candidates remained, as 15 were marked as spurious or unreliable.
3.2.4 Photometric redshifts
Self-consistent photometry for the candidates was made by run-
ning SExtractor in dual-image mode on the thumbnails, using the
narrow-band image as the detection image. In the case of non-
detections by SExtractor in any of the other bands, the limit-
ing magnitudes of the catalogue (see §3.2.1) were assigned. Us-
ing this consistent set of fluxes of the candidates in different
wavelengths, we were able to derive a photometric redshift us-
ing EAZY3(Brammer, van Dokkum & Coppi 2008). Unfortunately
EAZY doesn’t have a template for strong Lyα emission, therefore
3 http://www.astro.yale.edu/eazy/
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Figure 4. Top panel: Stacked redshift-χ2 distribution for the three samples. Bottom panel: Stacked Spectral Energy Distribution of: (left, green) our robust Lyα
candidates (zphot = 8.7), (centre, blue) the other Lyα candidates (zphot = 7.2) and (right, red) the dominant lower redshift interlopers (zphot = 2.1). For
the interlopers the fits clearly prefer a dusty, red galaxy solution. In the top panel, dashed grey shows the redshift-χ2 distribution of the most robust candidates
for running EAZY without adding the Lyα flux. The degeneracy between the [OII] and high redshift solution can clearly be seen in all three subsets. For the
Lyα candidates the high redshift solution is preferred.
we create supplementary templates where we added this emission
line to existing templates.
Some candidates at this point show a red J − K colour and
potentially very faint detections (below the 1-σ limit) in the r, i or
z band and are also not visible in the optical stack, indicating that
these sources are likely very dusty lower redshift line-emitters. The
emission line detected is in this case likely [OII] at z = 2.2 and
the break between z and J the 4000 A˚ break, which can mimic
the Lyman break. From the 25 candidates for which we obtained
an SED, 12 were marked as lower redshift contaminants. This left
13 candidates, which couldn’t be further rejected without follow-up
observations. We divide these candidates in different groups below.
3.2.5 Different types of candidates
The candidates can be ordered in three different groups: i) candi-
dates with detections in NBJ , J and K, ii) candidates with NBJ
and J detections and iii) candidates with only strong NBJ detec-
tions. The measured magnitudes and computed quantities for indi-
vidual candidates can be seen in Table A.1 in the appendix, which
also shows how the candidates are grouped. The first group con-
tains the two most robust sources with detections in J (> 5σ),
best constrained iz − J break, robust blue J −K colours and best
constrained SED, see Fig. 5 and Fig. 4. The second group consists
of three candidates with both NBJ and J , while the third group
consists of 10 possible candidates with weak SED constraints and
fainter JK detections (see Fig. 4). Thumbnails for all candidates
are shown in Fig. A.1 and Fig. A.2.
3.2.6 Statistical likelihood
In order to further investigate our selection, we stacked the thumb-
nails in all bands for the two robust candidates with best con-
strained broadband photometry, the 11 other candidates and the
dominant lower redshift interlopers with individual photometric
redshift of ∼ 2. We measured the stacks with the narrow-band im-
age as detection image and ran EAZY to compute photometric red-
shifts. As can be seen in Fig. 4, red and dusty galaxy templates are
c© 2013 RAS, MNRAS 000, 1–13
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Figure 5. Thumbnail images for the most robust Lyα candidates. IDs
C1231 and F6782. The sizes of the thumbnails are 15′′ × 15′′. The im-
age on the left shows the stack of all the optical bands (ugriz), clearly
there are no detections. The second image shows the excess, which consists
of the difference between J and NBJ . The right image shows the K-band.
This is mainly used to check whether the source is not a very dusty emitter
at a lower redshift, for example Hβ/[OIII] at z ∼ 1.4 or [OII] at z ∼ 2.2, as
such a source would be expected to have J −K > 0.
favoured for our lower redshift interlopers. Fig. 4 also shows that
the Lyα candidates are best fitted by the high redshift solution, even
though they show the same degeneracy as the lower redshift inter-
lopers. By adding the strong Lyα emission in the EAZY templates,
solutions around z = 8.8 are preferred. Without the addition of the
Lyα flux to the template spectra, the lowest χ2 solutions would lie
around z ∼ 2, which can still be seen in the redshift-χ2 distribution
(Fig. 4, top panel).
3.3 Completeness
The procedure of selecting emission line galaxies leads to poten-
tially missing galaxies which have weak emission lines. To get an
idea of how this influences the selection, we follow the procedure in
Sobral et al. (2012, 2013a). We compute the completeness by using
a sample of sources which are 1) not selected as line-emitters, but
2) are selected as high redshift galaxies (z > 3, using photomet-
ric redshifts and BzK colours (Daddi et al. 2004). This selection
resulted in a sample of ∼20,000 sources in our field and mimics
our selection of Lyα candidates very well. The second step is to
add line flux to these sources and re-apply the selection criteria for
sources being line-emitters (EW > 30 A˚, Σ > 3). This is done
for increasing line-flux, and the number of sources which are being
selected as line-emitters for each additional line-flux is counted.
The completeness is the ratio of sources selected as emitters to
the numbers in the original sample. This resulted in a complete-
ness of ∼ 90% for the average Lyα line-flux of the candidates of
∼ 1 × 10−16 erg s−1 cm−2 and of ∼ 75% for our detection limit
of 7× 10−17 erg s−1 cm−2.
3.4 Lower redshift contaminants
Because of the large number of candidates with narrow-band ex-
cess consistent with z > 7 (302) when relying just on broadband
photometry, it is possible to quantify the fraction of sources se-
lected as z > 7 candidates this way which are actually lower
redshift interlopers. Interlopers were identified by using the opti-
cal stack and photometric redshifts (significantly improved by K-
detections). From the 302 sources, 13 were marked as Lyα candi-
dates, while 15 were marked as unreliable/spurious. This left 274
interlopers, meaning that 90% of high redshift candidates which
are selected just by using optical bands are lower redshift contami-
nants. Using the photometric redshifts available (see Sobral et al. in
prep) we find that from this 90% contamination, 36% are Hβ/[OIII]
at z = 1.4, 23% [OII] at z = 2.2 and 13% higher redshift emitters
such as carbon or magnesium lines from AGN at z ∼ 3− 6, while
the remaining 18% are likely very faint lower redshift sources like
Paγ at z = 0.09 or HeII at z = 0.44.
3.5 Properties of candidates
Based on the narrow-band imaging, we find that our candidates are
very luminous, with a median Lyα luminosity of LLyα ' 1.0 ×
1044 erg s−1. Compared to lower redshift (z ∼ 3 − 6) LAEs, the
AGN fraction at these luminosities would be expected to be 100%,
although limited by small number statistics (Ouchi et al. 2008). On
the other hand, sources with the similar or higher luminosities have
already been found at z = 6 − 7, such as the z = 6.6 giant LAE
Himiko (Ouchi et al. 2009, 2013), a triple major merger, with a
Lyα luminosity 3.9× 1043 erg s−1. Mortlock et al. (2011) found a
quasar at z = 7.085 with a Lyα luminosity of ∼ 1045 erg s−1, ten
times brighter than our candidates.
The majority of candidates show high EWobs of ∼ 1000 A˚
(see Table A.1 in the appendix), which is comparable to lower red-
shift samples (e.g. Ouchi et al. 2010) and a strong iz − J break
(median >∼ 2). Because of the clear J detection, the strongest can-
didates have the lowest EW, but highest iz − J . We measured the
FWHM of point sources around the candidates and of the stack of
the robust candidates. The FWHM of point sources is 0.7 ± 0.1′′,
while the stack has a FWHM of 0.9± 0.1′′. Converting this angu-
lar scale to a physical scale at z = 8.8 gives a physical size of ∼ 4
kpc, which is roughly a fourth of the giant z = 6.6 LAE (Ouchi
et al. 2013) (which has extended Lyα emission), but a factor of
four larger than ’typical’ z ∼ 7 − 8 LBG candidates (Oesch et al.
2010), so consistent with other observations.
All these properties estimated from the narrow-band imaging
are physically realistic, but only spectroscopic follow-up can con-
firm the sources as real LAEs.
4 SPECTROSCOPIC FOLLOW-UP
4.1 Spectroscopic observations & reduction
SINFONI (Eisenhauer et al. 2003; Bonnet et al. 2004) IFU obser-
vations of five Lyα candidates (C1231, F6782, F2615, F3932, L71,
i.e. the two most robust and the three ones with highest signifi-
cance, highest EW and lowest local noise properties) were taken as
part of program 092.A-0786(A) between 2013 October 9 and 2013
October 31 in < 0.8′′ seeing and photometric conditions. Obser-
vations were made with the 8× 8′′ field of view and the J grating
which has a resolving power of λ / ∆λ= 4000. Each observation
was split into eight 300 second exposures, and nodded around the
target galaxy by ∼ 2′′ for sky subtraction purposes. Target C1231
was observed for a total of 4.8 ks whilst the remaining four targets
were observed for a total of 2.4 ks. To reduce the data, we used
the SINFONI pipeline which extracts the slices, wavelength cal-
ibrates, flat-fields and sky-subtracts the data. Additional sky sub-
traction was carried out using the techniques described in Davies
(2007). Flux calibration for each observation was carried out using
standard star observations which were taken immediately before or
after the science frames. To search for line emission from the Lyα
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Figure 6. SINFONI IFU spectra from the five observed candidates (red).
For illustrative reasons a constant is added to all fluxes except C1231. The
bottom row (blue) shows how our emission lines should have looked based
on the narrow-band estimated flux. The dashed vertical lines represent the
width of the narrow-band filter.
candidates, we extract a one-dimensional spectrum from the dat-
acube, collapsed over a region with diameter of 1.2′′ centered at the
position of the narrow-band source, and show these in Fig. 6. These
spectra have a noise of 0.7− 1.1 × 10−18 erg s−1 cm−2 A˚−1 over
the wavelength range 1.182 − 1.192µm (the approximate range
of the narrow-band filter) and so a 3σ detection limit for a line
of width FWHM = 250 km s−1 (typical for z ∼ 7 LAEs of Ouchi
et al. 2010) of 1× 10−17 erg s−1 cm−2. As Fig. 6 shows, none of
the Lyα candidates are detected in emission by SINFONI, despite
the flux limit of our narrow-band survey which should have yield
> 7σ detections in all cases had emission lines been present. We
also search for emission lines in the central 5×5′′ coverage, but find
nothing above 2σ. We must conclude that, although the two most
robust candidates can still be real Lyman-break galaxies based on
their broadband magnitudes, they are excluded as luminous Lyα
emitters at z = 8.8. The others observed candidates are excluded
as well. As these are the ones that resemble other candidates in the
literature, their nature needs to be investigated (see §4.2). This has
significant implications for other surveys.
One thing to note is that lower redshift line-emitters drawn
from the same sub-sample (with similar excess significance and
estimated line fluxes) were followed up with KMOS (Sobral et al.
2013b) and that strong emission lines were found in all of them.
4.2 Contaminations to high-z narrow-band searches:
spurious sources, variability & equatorial objects
This section gives an explanation for none of the candidates be-
ing confirmed. To do this we again look at the different groups of
candidates.
i) We observed both candidates in the first group with the
strongest NBJ , J and K photometry. The most likely explana-
tion, given the relatively low Σ, but robust J and K (and given
that the observations span different times), is that the excess is be-
ing boosted by noise. To estimate this, we look at the number of
sources which are not selected as line-emitters, but fulfil the cri-
teria of having no ugriz and a blue J − K colour and have reli-
able J and K detections, just as the two robust candidates in this
group. From this number (306) we can compute that when looking
at 3Σ excess sources, we can expect 0.41 of these to have an excess
by chance. The probability of getting both a 3.72 Σ and a 3.03 Σ
source amongst the 306 is 1.1%, this is low, but still possible.
ii) We observed the most robust candidate with only NBJ and
J detections, and argue that, next to the possibility of the sources
also being a statistical fluke, these sources are prone to variabil-
ity. The time difference between the observations in J and NBJ is
of order 1 − 2 years. Because candidates are selected as having a
narrow-band excess, variable sources which appear to be more lu-
minous at the time when the narrow-band observations are taken
than at the time when the broad-band observations are taken, lead
to a false narrow-band excess. A rough estimate of variability is
made by counting the number of sources with a very significant
negative excess (Σ < -7 and EW<-40 A˚,) and excluding stars. We
investigate whether any of these negative excess sources (300 in
total) is caused by variability. By careful visual inspection of these
sources (to determine whether the negative excess is real) we con-
clude that a fraction of 81 % of these negative line emitters is a vari-
able source. The other negative excess sources are binary stars or
extended objects selected as two different sources in one of the fil-
ters by SExtractor. So in total a fraction of 7×10−4 (0.81× 300
350000
)
of the line emitters is a variable source. This means that we can
expect 4.4 line-emitters to be variable, possibly explaining the non-
detection of our 3 Lyα candidates of this type.
iii) The candidates which only rely on a narrow-band detection
have the chance of being a random noise spike, especially given
that we observed a very wide area. We can get an estimate of the
number of spurious sources in our survey by computing the total
number of independent PSFs across the whole field. With a me-
dian seeing of 0.6′′ (Sobral et al. in prep) and an effective area of
9 deg2, we have 3.2 × 108 PSFs. We computed local noise esti-
mates around the candidates by taking the standard deviation from
the counts in 1,000,000 2′′ diameter apertures randomly distributed
in ∼ 1.7 arcmin2 around the candidates, masking stars and other
bright objects (NBJ < 20), see Table A1 in the Appendix. For
the candidates in the third group, their median σ-detection is 5.44,
based on the local noise. Using the number of PSFs, a total number
of 8.5 spurious noise spikes is expected at this significance, which
can explain the spectroscopic non-detection of the 8 candidates in
this group. We have done a visual analysis to remove clearly spu-
rious sources, such as those near stars or in noisy regions, but this
analysis might have missed these random noise peaks. Also, as the
SSA22 field is equatorial, there is a slight chance that we observe
small solar system objects in our narrow-band and this could also
contaminate searches in other equatorial fields.
5 THE LYA LUMINOSITY FUNCTION
5.1 Volume corrections
By assuming a top-hat filter profile, the comoving volume is 4.7×
106 Mpc3, as our survey covered 9.0 deg2, which is the area where
the 10 deg2 NBJ survey overlaps with both the UKIDSS J and
CFHTLS ugriz surveys. The comoving volume must be corrected
by including the dependency of the comoving volume on the lumi-
nosity, caused by the filter not being a perfect top-hat (e.g Sobral
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et al. 2009, 2013a). Making use of the derived luminosity limit of
the narrow-band survey (namely 6.3× 1043 erg s−1), it is possible
to find the minimum luminosity for a source at a given redshift to
be observed in the survey. For example, a source with a luminosity
of 3.4×1044 erg s−1 would be detected at redshifts between 8.723
and 8.816 due to the filter transmisson and giving a corresponding
comoving survey volume of 6.06× 106 Mpc3.
5.2 Computing the Luminosity Function
Following the non-detections in our spectroscopic follow-up, we
put a constraint on the bright end of the z = 8.8 Lyα luminosity
function by probing to a Lyα luminosity of 1043.8 erg s−1 over
4.7 × 106 Mpc3, (see Fig. 7). Using literature data from z = 7.7
LAE searches (see Table 2) we compute an optimistic upper limit to
the luminosity function, using all sources from earlier z = 7.7 sur-
veys and our constraint as an upper-limit. Although z = 7.7− 8.8
seems a significant difference in redshift, the difference in cosmic
time is comparable to a sample of e.g. z = 0.78 − 0.82. Fit-
ting a Schechter-function with a fixed faint-end slope α of −1.5
(following Ouchi et al. 2010), we find log10(Φ∗) = −4.21+0.11−0.11
and log10(L∗) = 43.10+0.03−0.03. We also fit a simple power law with
log10(Φ) = 93.3 − 2.28log10(L). We note that these LFs should
be interpreted as a very optimistic scenario, as none of the z = 7.7
sources have been confirmed spectroscopically.
5.3 Comparison with other surveys
Earlier searches for Lyα at z ∼ 9 have put constraints on the lu-
minosity function. Cuby et al. (2007) and Willis et al. (2008) got
to faint magnitudes, but observed significantly smaller areas (∼ 10
arcmin2). Sobral et al. (2009) is of the same depth as our current
survey, but probed a factor of five smaller area. More searches have
been conducted at a redshift of ∼ 7.7, which has not led to any
spectroscopic confirmation, despite the recent attempts. For a sum-
mary, see Table 2.
Recently Jiang et al. (2013) followed-up one z = 7.7 candi-
date, but they failed to confirm the line. Compared to our survey,
this candidate was a factor 10 fainter and detected in a probed vol-
ume 200 times smaller than this work. None of the other candidates
from the z = 7.7 searches have been confirmed spectroscopically
so far. Faisst et al. (in prep) also followed-up two of the best Krug
et al. (2012) z = 7.7 candidates, finding no line emission, in line
with our results. The majority of these z = 7.7 candidates rely on
narrow-band detections only, as our group iii) candidates (§3.2.5)
and we caution about these candidates being real, based on the ar-
guments in §4.3.
5.4 Predictions for future and on-going surveys
Between z ∼ 6 and z ∼ 7, Ouchi et al. (2010) find negative evo-
lution in the Lyα LF, caused mostly by a fainter L∗. It would be a
logical step to further investigate this to even earlier times. In order
to examine the evolution of the bright end of the LF, samples of
luminous Lyα candidates would have to be compared with lower
redshift samples. This is however impossible because the major-
ity of searches only probes small survey areas (see Table 2). It is
by no means certain that extrapolation (e.g. Nilsson et al. 2007)
from results over smaller areas (and fainter LAEs) hold for large
luminosities as those surveys miss the most luminous sources. As
illustrated in Fig. 7 there is practically nothing known at densities
log Φ < −5 at z ∼ 6− 8, but also not for z ∼ 5− 6 (Ouchi et al.
2008). LFs at z < 6 on the bright-end are dominated by cosmic
variance. The only way to overcome these problems is to conduct
very wide (∼ 10 deg2) narrow-band searches for LAE at redshifts
z = 2 − 8, as for example Subaru’s Hyper Suprime Cam will be
able to do over the next few years (Takada et al. 2012).
Future surveys such as the NB118 (λc = 1.19 µm, ∆λ =
12.3nm) UltraVista component (McCracken et al. 2012) will probe
deeper than this work and should have a good chance of finding
Lyα emitters at z ∼ 9, although their survey area will be smaller.
Because of a smaller survey area the survey will be less likely to
find the most luminous sources and will be more affected by cosmic
variance, which plays an important role in whether high redshift
LAEs can be observed due to reionization-topology (e.g. Taylor &
Lidz 2013). The completed VISTA NB118 GTO survey has probed
0.9 deg2 to a line flux of 4.4− 5× 10−17 erg s−1 cm−2 (depend-
ing on reduction (Milvang-Jensen et al. 2013)), which is already
fainter than our current constraint (see Figure 7). The ongoing Ul-
traVISTA NB118 survey will probe the same area in a different
part of the sky and its depth can be extrapolated from the finished
survey. As the VISTA NB118 GTO survey had 12% (12.33 h/px)
of the total exposure time of the ongoing UltraVISTA NB118 sur-
vey (112 h/px; McCracken et al. 2012; Milvang-Jensen et al. 2013),
we estimate the final depth assuming that the depth increases with
∼ t0.5exp. Therefore the final depth of the UltraVISTA NB118 sur-
vey will increase by a factor ∼ 2.9, leading to a Lyα flux limit of
∼ 1.5− 1.7× 10−17 erg s−1 cm−2.
Using our optimistic upper limit to the luminosity function
and the Nilsson et al. (2007) extrapolation as lower limit, we can
estimate the number of LAEs that the UltraVista survey will detect
(also see the marked green area in Fig. 7). For the GTO depth, this
number is 0.001−1.19 and for the estimated final UltraVista depth
this is 0.19− 23.35. When fitting a power law luminosity function
to the z = 7.7 − 8.8 points, the current depth is expected to find
0.47 LAE, while the final depth can get to 6.00 LAEs. Since the
UltraVista camera has 16 detectors with 16 different NB118 filters
there are small variations on the sky brightness from detector to
detector, so some regions are shallower and some deeper (Milvang-
Jensen et al. 2013). We used the median depths for the estimates
above, but the numbers could vary because of a higher contribution
from the deepest regions. Nevertheless, it is possible that even with
the finished UltraVISTA NB118 survey, no z = 8.8 LAE will be
found. On the other hand, our results clearly show how important
it will be to spectroscopically follow-up any candidate arising from
any similar survey.
6 CONCLUSIONS
We have conducted a very wide narrow-band survey over 10 deg2 in
the near infrared and identified 6315 line-emitters using a 1.19µm
narrow-band filter. In this work we identified possible z = 8.8
Lyα candidates in the sample of line-emitters and followed-up the
strongest ones spectroscopically. The main conclusions are:
• A significant fraction (∼ 300) of the line-emitters are consis-
tent with being at high redshift (z > 3), of which some might be
Lyα at z = 8.76. This narrow-band survey increased the probed
volume by half an order of magnitude compared to previous sur-
veys and is thus sensitive to the rarest and most luminous sources.
• By doing careful visual checks of the robustness of the detec-
tions and by excluding line-emitters which are detected in any of
the optical bands and which show a red J −K colour, we find 13
c© 2013 RAS, MNRAS 000, 1–13
A 10 deg2 Lyman-α survey at z = 8.8 9
Table 2. Narrow-band Lyα surveys at z > 7.
Reference Area Depth z No. LAE Field
(arcmin2) (1042 erg s−1)
Ota et al. 2010 4680 9.2 7 3 SXDS
Tilvi et al. 2010 784 4 7.7 4 LALA Cetus
Hibon et al. 2010 400 6 7.7 7 CFHT-LS D1
Hibon et al. 2011 465 ∼ 1 6.96 6 COSMOS
Cle´ment et al. 2012 169 ∼ 2 7.7 0 Bullet, GOODS-S, CFHT-LS D4
Krug et al. 2012 760 5.5 7.7 4 COSMOS
Willis & Courbin 2005 6.25 20 ∼ 9 0 HDF South
Willis et al. 2008 12 10 ∼ 9 0 Abell 1689, 1835, 114
Cuby et al. 2007 31 13 8.8 0 GOODS
Sobral et al. 2009b 5040 63 8.96 0 COSMOS, UDS
This paper 32400 63 8.76 0 SSA22
Figure 7. Constraint on the Lyα at z ∼ 9 luminosity function of this paper compared to LFs at lower redshifts, a scaled LF extrapolation and optimistic fitted
upper limit LF. The thick blue line shows the new constraint, drawn from the non-detections in our survey (after spectroscopic follow-up). The new constraint
improves previous ones by a factor of five. The thick green line is an optimistic fitted Schechter function based on our observations and earlier observations at
z = 7.7, while the magenta line shows a fitted power law. The red line is an extrapolation from luminosity functions at lower redshift. The green area marks
the region where we expect to observe LAEs, where there is a higher chance in the darker region. Also shown are the points from lower redshift narrow-band
searches. We plot the point of the depth of the finished VISTA NB118 GTO survey (Milvang-Jensen et al. 2013) and make a realistic estimate of what the
depth will be of the ongoing UltraVista NB118 survey (McCracken et al. 2012).
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possible Lyα candidates. We order them in different groups based
on their broadband photometric constraints. The two most robust
candidates have reliable detections in narrow-band, strongest con-
straints from photometric redshifts, iz − J break and robust J de-
tections.
• 90% of the high redshift candidate line-emitters, selected on
having no/very faint flux in the optical, are lower redshift interlop-
ers. By including the K band and computing photometric redshifts
we find that approximately 40% are Hβ/[OIII] at z = 1.4, 25%
[OII] at z = 2.2 and 15% are candidate AGN emission-lines (e.g.
carbon or magnesium) at z ∼ 3− 6, while the remaining are likely
very faint lower redshift sources like Paγ at z = 0.09 or HeII at
z = 0.44.
• Spectroscopic follow-up of the two most robust Lyα at z =
8.8 candidates, two sources with the largest EWs and another with
brightest J failed to confirm these sources as line-emitters. This is
probably caused by a combination of spurious sources, variability
and (although unlikely) solar system objects. This result has very
strong implications to current and future candidates for LAEs at
z = 7.7 and z > 8.
• After the follow-up, we put the strongest constraints on the
bright end of the luminosity function with half an order of mag-
nitude improvement in the probed volume and it could still mean
little to no evolution in the luminous end.
• Using an optimistic upper-limit to the LF and a lower red-
shift extrapolation, we estimate the number of LAEs that will be
detected by the completed VISTA NB118 GTO survey to be be-
tween 0.001 and 1.19 with the current depth and to be between
0.19 and 23.35 for the estimated final depth of the ongoing Ultra-
Vista NB118 survey.
• Because of the lack of a comparably wide surveys, it is diffi-
cult to study the evolution of the bright end of the LF and extrap-
olations from other considerably smaller surveys at lower redshifts
are unusable. Although the number density of Lyα emitters is ex-
pected to decline at higher redshifts, this isn’t necessary the case
for the bright end of the luminosity function, because of the topol-
ogy of reionization. It is therefore of utmost importance to study
the bright end of the Lyα luminosity function at lower redshifts in
order to understand the evolution in the LF completely.
• As our strongest candidates looked realistic in the images and
had realistic physical properties based on the photometry, but still
are not confirmed, we highlight the necessity for all other surveys
to do this spectroscopic follow-up, especially when candidates are
based on just a single-band detection. This has significant conse-
quences for any similar and for deeper surveys, clearly pointing
out that despite sources passing all tests, only spectroscopic obser-
vations can confirm them.
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Figure A1. Top: Thumbnails for the five Lyman-α candidates which were followed-up spectroscopically. Bottom: one of the other candidates. Circles are
placed at the center position of the thumb, corresponding to the position of the detection in the narrow-band. The angular scale of the thumbnails is 15× 15′′.
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Figure A2. Thumbnails for the other seven Lyman-α candidates. Circles are placed at the center position of the thumb, corresponding to the position of the
detection in the narrow-band. The angular scale of the thumbnails is 15× 15′′.
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